ABSTRACT The structure and flexibility of the outer membrane protein X (OmpX) in a water-detergent solution and in pure water are investigated by molecular dynamics simulations on the 100-ns timescale and compared with NMR data. The simulations allow for an unbiased determination of the structure of detergent micelles and the protein-detergent mixed micelle. The short-chain lipid dihexanoylphosphatidylcholine, as a detergent, aggregates into pure micelles of ;18 molecules, or alternatively, it binds to the protein surface. The detergent binds in the form of a monolayer ring around the hydrophobic b-barrel of OmpX rather than in a micellar-like oblate; ;40 dihexanoylphosphatidylcholine lipids are sufficient for an effective suppression of water from the surface of the b-barrel region. The phospholipids bind also on the extracellular, protruding bsheet. Here, polar interactions between charged amino acids and phosphatidylcholine headgroups act as condensation seed for detergent micelle formation. The polar protein surface remains accessible to water molecules. In total, ;90-100 detergent molecules associate within the protein-detergent mixed micelle, in agreement with experimental estimates. The simulation results indicate that OmpX is not a water pore and support the proposed role of the protruding b-sheet as a ''fishing rod''.
INTRODUCTION
Integral membrane proteins occur in two different structural motifs. They either consist of a varying number of a-helices, e.g., G-protein coupled receptors (Palczewski et al., 2000) , aquaporin (Sui et al., 2001) , and the ammonia channel (Khademi et al., 2004) , or they adopt a b-barrel fold containing between 8 and 22 b-strands (Schulz, 2002) . The latter are exclusively found in the outer membrane of Gramnegative bacteria. However, despite the relative abundance of membrane proteins among all proteins and despite the fact that they represent the majority of the targets for existing drugs (Hopkins and Groom, 2002; Sanders and Myers, 2004) , only few structures have been solved.
The prerequisite for functional and structural studies of membrane proteins is the isolation of the protein from the biological membrane and its subsequent purification. An integral part of both processes is the prior solubilization of the membrane protein using detergent molecules (le Maire et al., 2000) . In the process of solubilization, the detergent extracts the protein from the native membrane environment by coating at least the hydrophobic membrane-embedded portion (le Maire et al., 2000) . The amphiphatic character of the detergent molecules helps solubilize the membrane protein. An important aim besides the protein solubilization is to retain full functionality under the ''new'' conditions. As an example, the detergent chosen , its concentration, or the lipid/detergent ratio may inhibit, e.g., enzyme activity as observed for Na 1 , K 1 -ATPase (Esmann, 1984) , or for Ca 21 -ATPase (Shivanna and Rowe, 1997) . Also, the stability of membrane proteins may be lower in detergent micelles compared to lipid bilayers (Bowie, 2001; Engel et al., 2002) . In structural studies the detergent has to fulfill additional functions: solution NMR Fernandez et al., 2001; ) requires detergent molecules forming small, rapidly rotating micellar aggregates with the membrane protein to obtain narrow linewidths of resonances (Opella, 1997; Marassi and Opella, 1998) . In x-ray studies, the membrane proteindetergent mixed micelle needs to form well-ordered crystals for high-resolution structure determination.
The importance of detergent molecules or lipids in the process of structure determination and for functional studies of membrane proteins is in contrast with the limited knowledge of the specific interactions of detergent molecules or lipids with proteins, e.g., from spin-label magnetic resonance studies (Marsh and Pali, 2004) , and the lack of proteindetergent micelle structures. Understanding the interaction of detergents with membrane proteins will certainly also assist in the elucidation of lipid-protein interactions in biological membranes (Lee, 2003) . Furthermore, a detailed knowledge of both the aggregation process and the specific structure of detergent lipids associated to membrane proteins is indispensable for a thorough understanding of the folding process of proteins in membranes (Kleinschmidt, 2003) , and by enabling further theoretical and experimental biophysical studies, for functional characterization.
The outer membrane protein X (OmpX) represents an exception because both a crystal structure (Vogt and Schulz, 1999) and an NMR structure are available. Despite the different environments used in these structure determination studies, the same fold was observed, namely an eight-stranded antiparallel b-barrel with a protruding, four-stranded b-sheet at the extracellular side. The backbone root mean-square deviation (rmsd) between the crystal and NMR structures is only ;2 Å . The crystal structure of OmpX (Vogt and Schulz, 1999) shows only one detergent molecule on the protein surface (n-octyltetraoxyethylene, C 8 E 4 ). The NMR studies performed in water-dihexanoylphosphatidylcholine (DHPC) solutions exhibit a large number of contacts between the hydrophobic, membrane-embedded part of the outer membrane protein OmpX and DHPC molecules (Fernandez et al., 2001 Hilty et al., 2004) . The NMR data were interpreted as a micelle forming around the hydrophobic ''jacket'' of the protein. In a recent study on the effect of paramagnetic relaxation agents on individual resonances in the NMR spectra of the OmpX/DHPC micelles , a ''sizeable'' relaxation enhancement was measured also for the solvent-accessible regions of OmpX, using 5-doxyl stearic acid (5-DSA) as a paramagnetic reagent whose spin label was observed to be close to the DHPC headgroup. Since 5-DSA was shown to incorporate into DHPC micelles, the latter study therefore suggests an interaction also of lipid molecules with the periplasmic and extracellular parts of OmpX not seen in spectra of the pure OmpX/DHPC system. To conclude, the NMR data leave the question unanswered how the DHPC molecules arrange around OmpX and to what degree they influence its structure and dynamics.
In the past, long-timescale, all-atom molecular dynamics (MD) simulations have been performed to study the spontaneous aggregation of lipids to bilayers (Marrink et al., 2001) or micelles (Marrink et al., 2000) , the influence of cations on structure, and dynamics of phosphatidylcholine bilayers (Pandit et al., 2003; Böckmann et al., 2003; Böckmann and Grubmüller, 2004) , and for investigating the initial steps of folding of globular water-soluble proteins (Duan and Kollman, 1998) . Recently, the initial phase of spontaneous micelle formation around a small protein, the dimeric glycophorin A transmembrane helices, has been studied by MD simulations (Braun et al., 2004; . A stabilization of the protein upon micelle formation was reported (Braun et al., 2004) .
However, simulations of mixed protein-lipid-water systems (see, e.g., reviews in Ash et al., 2004) are usually biased by their setup. For example, proteins are manually inserted into a preformed lipid bilayer (see, e.g., studies on water transport properties of aquaporin (de Groot and Grubmüller, 2001; Tajkhorshid et al., 2002) , or pulled into a bilayer for an analysis of peptide anchoring properties (Jensen et al., 2004; Gorfe et al., 2004) . In the case of the outer membrane protein A (OmpA)-with a topology comparable to OmpX, consisting of an eight-stranded transmembrane b-barrel domain with a shear number of 18 instead of the 110 of OmpX Schulz, 1998, 2000) , and highly mobile extracellular loops )-the protein was manually inserted into a micelle (Bond and Sansom, 2003) . Especially the micellar setup is highly biased since it is based only on the total mass/volume of the protein-lipid mixed micelle Bond and Sansom, 2003) . In other words, the experimentally estimated total number of aggregated lipids is modeled in the form of an expanded micelle-like torus around the hydrophobic b-barrel region (Bond and Sansom, 2003) . Possible lipid aggregation at the hydrophilic loop region is disregarded. Recently, reported a 50-ns simulation of spontaneous dodecylphosphocholine (DPC) aggregation around OmpA, using the same amount of detergent molecules (80 DPC molecules) as modeled in the preformed complex (Bond and Sansom, 2003) . The global properties of the aggregated protein/ detergent micelle resemble those of the preformed complex, e.g., the total number of DPC/protein contacts and the radial density of the protein. Considerable discrepancies were observed in the radial density of water and of DPC (both headgroups and tails) around the protein, and in the detergent-buried solvent-accessible surface. The lack of excess detergent molecules in the simulations might have prevented aggregation numbers larger than the expected one.
Not only the structure of protein-lipid mixed micelles but also knowledge about lipid dynamics on the protein surface is limited. Until now, only the minimal lifetime of DHPC lipids on the OmpX surface (t . 0.3 ns) could be determined from NMR experiments .
Here, we present an all-atom study (up to 105,000 atoms) of spontaneous and unbiased DHPC micelle formation around OmpX (80-ns timescale) and an analysis of OmpX in pure water (100-ns timescale). The aggregation process of lipids around the outer membrane protein OmpX is investigated at different lipid concentrations in the range of 200-300 mM (total numbers of 105-200). We show how lipids arrange around the protein and propose an interpretation of recent NMR data on this protein-lipid mixed micelle. Furthermore, we compare the structure and dynamics of OmpX in water and in a micellar environment. The distribution and/or dynamics of water and lipid molecules on the protein surface is examined. Finally, we comment on the proposed function of OmpX for promoting cell adhesion and invasion (Vogt and Schulz, 1999) . The aggregation simulations allow further a structural and dynamical analysis of pure DHPC micelles, and comparison to the micellar properties as obtained from small-angle neutron scattering experiments (Lin et al., 1986) .
METHODS
The crystal structure (Protein Data Bank (PDB) entry 1QJ9, resolution 2.1 Å ) (Vogt and Schulz, 1999) has been taken as the starting structure.
Two different types of simulations of OmpX were carried out: one type started from the OmpX solvated in a box of TIP4 (Jorgensen et al., 1983) water molecules at 130 mM NaCl concentration (simulations W1 and W2), and the other started from the OmpX solvated in a water-lipid mixture (simulations M1, M2, and M3) for the study of the self-aggregation process (Table 1) . Under the conditions used, the Debye screening length l D
can be calculated to 8.7 Å (Boltzmann factor k B T, electron charge e, dielectric constant e o ). For the simulation of OmpX in water (simulations W2, see below), the distance between the proteins in the periodic cells is 29 6 7 Å , rendering possible artifacts due to periodic boundaries and the usage of particle mesh Ewald (PME) highly improbable. Simulation systems M were prepared as follows: Starting from OmpX snapshots after 3 ns of equilibration in pure water (simulation W1), 125 copies of a DHPC molecule were placed on a cubic grid with 18 Å spacing. Each DHPC molecule was then randomly rotated and shifted with a maximum shift of 3 Å in every direction. After placing the OmpX molecule into the center of the box those lipids with a distance of ,5 Å from the protein were removed, as well as lipids with overlapping van der Waals spheres. The final simulation system M1 contains 105 DHPC lipids (concentration of 250 mM) at 100 mM NaCl, comparable to NMR experiments and was simulated for 80 ns.
A second aggregation simulation (system M2) starts from a snapshot after 60 ns taken from the initial OmpX-DHPC system (M1): The protein and the aggregated DHP lipids have been relipidized in a larger system to account for the effect of decreasing lipid concentration in the solution due to aggregation. For the relipidized system, the same procedure as described above has been applied to a complex containing the protein, already aggregated lipids (70), protein-close ions (2 Na 1 , 1 Cl ÿ ion), and protein-close water molecules (400). The third aggregation simulation (M3) starts from a snapshot after 12 ns taken from the M2 system. Here, 39 DHPC lipids were randomly additionally inserted into the water phase; overlapping water molecules have been removed. Two further simulations (14.5 ns and 17.9 ns, respectively) start from an M3-snapshot after 10 ns. In these simulations, the two micelles formed on the mainly polar, extracellular protruding b-sheet in M1-M3 (see Results section) were removed and, additionally, lipids in solution were removed or added, respectively (simulations M3 a and M3 b ). All systems contain excess Na 1 ions to compensate for the net negative charge of the OmpX protein (net charge, ÿ2). All simulations were performed in a periodic box. The dimensions of the box are 60 Å 3 64 Å 3 87 Å for system W1. After 13 ns, the protein has been resolvated in a larger cubic box with 84-Å side length to avoid artifacts possibly arising from the periodic boundary conditions (system W2). The box dimensions for the protein-lipid simulation system M1 are 91 Å 3 93 Å 3 93 Å . The structures were solvated with 10,149 and 18,630 (W1 and W2, respectively), and 22,492 (M1) TIP4 (Jorgensen et al., 1983) water molecules. For the pure protein-water system this corresponds to a water shell thickness of at least 1.3 nm around the protein. The systems comprise, accordingly, 35, 258 and 76,834 atoms for W1 and W2, respectively, and 85,334 atoms for M1. The relipidized systems M2 and M3 are enlarged to a cubic box of 101 Å 3 101 Å 3 101 Å .
The DHPC lipid was modeled starting from the structure of a dimyristoylphosphatidylcholine (DMPC) lipid. The optimized potentials for liquid simulation (OPLS) all-atom forcefield was used for the OmpX (Kaminski et al., 2001) ; for the DHPC molecules we applied a modified version of the Berger forcefield (Berger et al., 1997) that combines the GROMOS parameters for bonds, valence angles, and dihedrals with the Lennard-Jones parameters of the OPLS forcefield, modified for the CH 2 and CH 3 groups. For consistency, we applied here the OPLS combination rules for the mixed Lennard-Jones parameters instead of the GROMOS combination rules used by Berger et al. (1997) .
All MD simulations were carried out using the Gromacs simulation suite . Application of the Lincs (Hess et al., 1997) and Settle (Miyamoto and Kollman, 1992) methods allowed for an integration step size of 2 fs. Short-range electrostatic interactions (distance ,1 nm) were calculated explicitly, whereas long-range electrostatic interactions were calculated using the PME (Darden et al., 1993) . The systems were coupled separately to an external temperature bath (Berendsen et al., 1984) of 310 K, with a coupling constant of t T ¼ 0.1 ps for the protein and the solvent (including lipids and ions). The pressure was kept constant by a weakcoupling to a pressure bath (Berendsen et al., 1984) with t p ¼ 1 ps. Each simulation started with an energy minimization using a steepest descent algorithm (1000 steps). Additionally, for system M2, the minimization was followed by a simulation of 100-ps length with harmonic position restraints applied on all heavy protein atoms of the OmpX molecule (force constant 1000 kJ/mol ÿ1 nm
ÿ2
) to allow relaxation of the solvent molecules. Each simulation was run on 8-12 processors of a Beowulf cluster, totaling more than 120,000 h of CPU time. 
RESULTS

Stability of OmpX in pure water
The conformation of OmpX remains unchanged in a water environment (130 mM NaCl) during a 100-ns simulation at a temperature of 310 K. Noticeably, the C a -atom rmsd is only ;2 Å (see Fig. 1 ), which is comparable to the value obtained from a 10-ns simulation of OmpA in a DMPC bilayer, and considerably lower than the deviations of 4-5 Å computed for OmpA placed in a DPC micelle (Bond and Sansom, 2003) . A decomposition of the structural deviations shows rather small C a rmsd values of %1 Å for the b-barrel domain (thin black line) and fluctuations of %3 Å for the The total number of atoms includes dummy atoms from the TIP4 water model (Jorgensen et al., 1983) . Simulation M2 was started by branching M1 after 60 ns (reassigned velocities). M3 was started by branching M2 after 12 ns. M3 a and M3 b were started by branching M3 after 10 ns.
protruding b-sheet (b 3 -b 6 ) and the connecting loops L 2 and L 3 (residues 47-61 and 87-105; Fig. 1 , shaded curve). Also, the latter region shows the largest displacements as quantified by the root mean-square fluctuations (rmsf) shown in Fig. 2 A. The flexibility of the b-sheet amino acids is increased toward the extracellular loops and decreased close to the turns at the periplasmic side. Additional information is gained by averaging the fluctuations over increasing time windows (Fig. 2 B) and subsequent weighting by the rmsf computed over the smallest time window (0.5 ns). In this way, no pronounced differences are seen for the fluctuations occurring on the 1-ns timescale (black solid line), whereas turns (T 1 -T 3 ) and coils (L 1 -L 4 ) show a drastically enhanced flexibility on longer timescales (5 ns and 10 ns), allowing for a separation of timescales for (conformational) loop motion and fluctuations of b-sheet regions.
As also observed in simulations of OmpA (Bond and Sansom, 2003) , the rmsf values for the b-barrel region computed from the x-ray B-factors are considerably larger than the fluctuations of the respective region in the MD simulations (system W2, see Fig. 2 C) . Due to the length of the simulation (100 ns), insufficient sampling can be ruled out as a reason for this discrepancy. Therefore, our results support the assumption of Bond and Sansom (2003) that the large x-ray temperature factors may reflect static disorder in the crystal. In the MD simulations, the flexibility of turn T 1 is drastically increased as compared to the crystal structures. However, this is in agreement with the diversity of the NMR structure ensemble (thick black line) for this region. Interestingly, the fluctuations in water and in a mixed system containing DHPC lipids (system M1) are similar except for the L 1 , L 2 , and L 4 loops, which are more flexible in water.
The stability of this membrane protein in a water environment over a 100-ns timescale makes this system especially suitable for aggregation studies of lipids on the surface.
Such stability is also consistent with the similarity between the x-ray structure and the NMR structure, despite the different environments. We leave the question unanswered whether or not the fold of this membrane protein remains stable also in a nonnative water environment after being folded in a micelle or a membrane. Experimental evidence is lacking because, most presumably, protein aggregation hampers the analysis of OmpX in pure water.
Water permeation through OmpX?
The crystal structure shows eight cavities inside the b-barrel but no closed pathway between the two ends of the barrel (Vogt and Schulz, 1999) . Therefore, and because of the low B-factors of the charged core amino acids, it was considered unlikely that the OmpX functions as a pore.
In agreement with the crystal structure, the average pore radius (calculated using the program HOLE (Smart et al., 1996) ) does not allow permeation of water molecules through the barrel (Fig. 3 A, black line) . Fluctuations of amino acid side chains pointing into the core, however, might allow for the passage of water molecules. Pore radius fluctuations are estimated in Fig. 3 A by the standard deviations (1 s and 2 s, gray shaded areas) of the computed pore radius obtained over 10,000 snapshots (10 ps apart) of the 100-ns OmpX/water simulation (systems W1 and W2). As seen in Fig. 3 B, the fluctuations do not enable water passage through the OmpX on the 100-ns timescale. Five water molecules bound between ÿ10 Å and 15 Å do not cross surrounding barriers rendering a function of the OmpX as a an active or passive water channel even more improbable. This is in line with results for the OmpA embedded in a DMPC bilayer (Bond and Sansom, 2003) . Presumably the largest permeation barrier is found close to the periplasmic side, formed by a tight hydrogenbonded network between Lys 27 , Tyr
80
, and Asp
124
. This network is retained in the simulation systems containing DHPC lipids (runs M1-M3). Thus the inverse micelle-like structure of OmpX with its tight internal hydrogen-bonding network (Vogt and Schulz, 1999) disfavors water transport through the barrel domain.
Aggregation of DHPC on OmpX
System setup
The %60-kDa size of the DHPC-OmpX mixed micelle has been estimated from rotational correlation times obtained by N 15 NMR relaxation data (Fernandez et al., 2001; Hilty et al., 2002) . Analytical ultracentrifugation and protein-detergent titration gave an estimate of 50-70 kDa . This corresponds to a range of 74-118 DHPC lipids in the protein-lipid complex, neglecting hydration water molecules. Modeling of DHPC lipids around the mainly hydrophobic b-barrel (each lipid chain contacting the protein surface) allowed for the placement of 80 DHPC molecules , the same number which was used in the recent simulation setup for the aggregation of singlechain DPC molecules on OmpA or in a preformed OmpA-DPC micelle system (Bond and Sansom, 2003) . The micelle setup appears to be justified by NMR data showing intermolecular nuclear Overhauser effects (NOEs) between the hydrophobic tails of DHPC molecules and mainly the central apolar b-barrel region . Additionally, few NOEs were observed from the amide backbone protons of Met 118 and of Glu 119 , as well as the indole protons of Trp 76 and of Trp 140 (see Fig. 4 B) , located at the edge of the hydrophobic barrel, to the methyl groups of the polar lipid heads .
The aggregation simulation was started from a system of randomly positioned DHPC lipids distant from the OmpX at a concentration of 250 mM (total number of 105 DHPC molecules, see Fig. 4) , well above the cmc of 14-15 mM (Tausk et al., 1974b; Burns et al., 1982; Chou et al., 2004) , within the range of concentrations used in the NMR experiments (Fernandez et al., 2001 ) (200-300 mM). Assuming an aggregation number of ;80 DHPC lipids within the mixed micelle the simulation setup with .100 lipids allows for the formation of pure detergent micelles whose size was determined in small-angle neutron scattering experiments to be 19 6 1 (Lin et al., 1986) . The protein ''concentration'' in b ; see Methods section) to 2.4 mM (M1) (see Table 1 ), compared to 2 mM in the NMR experiments.
In the simulation, the number of DHPC lipids in direct contact (distance ,5.5 Å ) with the OmpX in system M1 grows quickly and reaches an equilibrium value of ;40 already after %20 ns (see Fig. 5 A, black and shaded lines). DHPC lipids leaving the protein surface within the simulation time span show a mean lifetime of t % 2.4 ns (Fig. 5  B) . However, a large number of aggregated lipids stay bound for the whole simulation time, suggesting a second, significantly longer lifetime t s ) 60 ns. This may be attributed to cooperative binding of lipids to the protein surface and thereby enhanced binding energy, and/or to different binding free energies depending on the specific binding position and also on the lipid binding site (polar head or hydrophobic tails, see below). At the end of simulation M1, 35 lipids are bound for .10 ns, 30 of them being aggregated in the region of the hydrophobic b-barrel and five on the back side of the rather polar extracellular protruding b-sheet.
To allow large aggregation numbers a second simulation was started from the snapshot of the M1 simulation at t ¼ 60 ns at a similar DHPC concentration of 243 mM, but with an enlarged periodic simulation box (Table 1) , thereby increasing the total number of lipids in the simulation box by 42% (149 DHPC molecules, protein concentration decreased to %1.6 mM). The average number of directly aggregated lipids for system M2 increases quickly to %50 and remains unchanged in a third simulation at 301 mM DHPC concentration (188 DHPC molecules) starting from a snapshot at t ¼ 12 ns of M2 (protein concentration, 1.6 mM; Fig. 5 A, dark gray lines) . In contrast, the number of lipids in close contact (distance ,3.5 Å ) with the protein is almost not influenced by the changes in system size. The number of associated lipids-lipids in direct contact with the protein or contacting it indirectly, e.g., within micelles on the protein surface-increases in simulations M1-M3 to ;100 (see below).
Protein-detergent mixed micelle formation
Aggregation of DHPC molecules to pure lipid micelles or to protein-detergent micelles is driven mainly by hydrophobic interactions. As shown in Fig. 6 A, the hydrophobic solventaccessible surface (SAS) of the lipids decreases for simulation M1 from %2.8 nm 2 to %1 nm 2 per molecule (105 DHPC molecules in the simulation system), and the protein hydrophobic accessible surface halves from %50 nm 2 to %25 nm 2 . The nonpolar surface of OmpX is mainly shielded in the region of the hydrophobic, membrane-embedded part (Fig. 6 B) . Fluctuations in the SAS are large for the region of the protruding b-sheet (not shown). The polar surface of OmpX is only weakly affected by the aggregation of DHPC molecules, and the largest deviation is observed at L 3 (Fig. 6 C) .
After 80 ns (end of simulation M2), most of the hydrophobic surface (Fig. 7, light green) is buried by the loosely packed hydrophobic tails (yellow) of the DHPC FIGURE 4 (A) Aggregation simulation system. Shown is the periodic simulation system with the OmpX (orange) solvated in a box of DHPC lipids at a concentration of 250 mM (system M1). Water molecules are not shown. (B) Crystal structure of OmpX (Vogt and Schulz, 1999) with notation of strands, loops, turns, and specific amino acids showing NOEs to the methyl groups of the polar lipid heads . molecules. Large parts of the polar (light blue) or charged (red and blue) protein surface remain solvent-exposed. In particular, no lipids are bound to the periplasmic end of the b-barrel (Fig. 7 E) . In contrast, the extracellular side appears to be prone to aggregation. Two micelles are present on the protein surface, one at loop L 1 consisting of 32 molecules (36 at the end of simulation M3) bound by polar interactions between DHPC headgroups and the protein surface, and a second smaller one (14 molecules, 15 at the end of M3) at the interface of strands b 4 and b 5 , as well as loops L 2 and L 3 . The latter micelle involves hydrophobic contacts between the protein and detergent molecules as well as hydrogen bonds between DHPC headgroups or their carbonyl oxygens and predominantly Lys 59 and Lys 99 at the back side of the protruding b-sheet. The size of the micelle bound at L 1 is larger than free in solution ( (Lin et al., 1986) ), and might be stabilized by the mainly polar interactions to the protein.
Interestingly, after 26 ns one DHPC molecule moves between b 4 and b 5 (see snapshot after 80 ns in Fig. 7 F) . As seen in the amide proton distances between Tyr 57 and Thr
93
(strands b 4 and b 5 ), this part of the structure exhibits local fraying during the pure water simulation (W1; Fig. 7 G, blue curve) and in the water-DHPC system (red curve). This local structural fraying was also indicated by the measured weak protection of this region for backbone amide proton exchange in NMR experiments . A strong hydrogen bond network between the subsequent amino acids Lys 59 and Gln 91 of strands 4 and 5, respectively, prevents further strand separation (yellow broken lines).
The number of lipids shielding the hydrophobic jacket from water is ;40, rather low compared to the anticipated result of 80-100 molecules, as deduced from NMR experiments and from rotational correlation times. The respective numbers for simulations M2 and M3 are 37 and 41. A previous simulation study of OmpA (Bond and Sansom, 2003) modeled 80, however, single-chain detergent molecules (DPC) around the hydrophobic membrane-embedded portion of OmpA.
As shown in Figs. 7, B and D, this loose aggregation of DHPC molecules on the OmpX surface effectively suppresses water molecules from the hydrophobic jacket of the protein, while keeping both ends of the b-barrel accessible to water, in agreement with NMR experiments . The suppression of water molecules from the b-barrel region is quantified by the cumulative radial distribution of water oxygens around the backbone nitrogen atoms in Fig. 8 . Shown is the radius d of a sphere around the respective nitrogen atom within which, on average, one water molecule is found. This radius stays approximately constant during the simulation time, with d % 4 Å in the regions of loops and turns, but it increases to 8-11 Å in the barrel region.
Although water is partly suppressed from the back side of the protruding b-sheet (Fig. 8 , dark shaded bars) due to the aggregation of lipids, the forefront remains fully wateraccessible, which is reflected by the only weak effect of the aggregation on the cumulative radial distribution of water molecules in this region. This is in agreement with results from measurements of backbone amide proton exchange rates , which cannot distinguish the back side from the forefront.
The protein embedded in the DHPC micelle shows slightly decreased fluctuations with respect to the protein solvated in pure water (see Fig. 2 C, black dotted line). This is especially true for the loop regions, which are stabilized by the built micelles restraining the loop motion.
The micelle in mixed hydrophobic/hydrophilic contact with the back side of the protruding b-sheet stays on the protein surface in all simulations (M1-M3), and the protein surface accounts for a considerable part of this micelle Spontaneous OmpX-DHPC Micelle Formation(compare Fig. 7, A and B) . In contrast, the larger micelle initially attached to the L1 loop is rather mobile: it detaches in simulation M1 from the L1 loop after ;70 ns, and moves upward toward the L2 loop and sideways, while staying bound to the protein via a hydrogen bond between a lipid and Arg 50 of the b 3 -strand. In the simulations with increased box sizes, and thereby reduced protein concentration (M2 and M3), however, the large micelle stays at loop L1.
It is difficult to conclude from individual simulations the frequency of occurrence or the lifetime of the observed micelles on the back side of the protruding b-sheet or in the loop-region. To check the frequency of occurrence we performed additional simulations at two different DHPC concentrations with 138 and 200 lipids (206 mM and 294 mM, respectively, systems M3 a and M3 b ; see Table 1 ), starting from a snapshot after 10 ns of the M3 simulation with (manually) removed extracellular micelles but with retained micellar shielding of the hydrophobic b-barrel (simulation lengths of 14.5 ns and 17.9 ns, respectively). In both control simulations, lipids aggregate in the region of the protruding b-sheet, eight in the system with the higher DHPC concentration (M3 b ), five in the lower lipid concentration (M3 a ). Hydrogen bonding of lipid phosphate oxygens or lipid carbonyl oxygens to lysine amine groups (residue positions 59, 89, and 99), together with partial hydrophobic contacts between the lipid chains and the long hydrophobic side chains of these lysines at the back side of the protruding b-sheet, act as seed for subsequent micelle formation. Also Tyr 98 at the outer side of b-strand 6 is observed to bind a DHPC lipid by simultaneous polar and apolar interactions. In M3 b , aggregation starts also on the forefront, above the pore axis: a seed lipid for the micelle formation interacts simultaneously via hydrogen bonds between its phosphate oxygen and Arg 
Clustering of DHPC lipids in micelles
The total number of lipids within the protein-detergent micelle includes also those DHPC molecules not directly contacting the protein surface but rather aggregated to already protein-bound molecules. Clustering of all DHPC molecules with a simple distance criterium-i.e., a molecule is added to a cluster when at least one heavy atom is within 4 Å of any heavy atom of any other molecule of the cluster-reveals clearly distinguishable cluster sizes (Fig. 9  B) : a few DHPC detergent molecules stay unbound (one to two in M1, ;8 in M2 and M3), and almost all other DHPC molecules are found either in clusters of size 18-20 or in a large cluster with a size between 85 and 105 which can be identified as the micellar shield of the hydrophobic b-barrel domain (see above). Equilibration in terms of cluster sizes proceeds both in the direction of the medium-sized pure detergent micelles and toward the completion of the protein shielding (Fig. 9 A) . In simulation M1, the ''fusion'' of pure detergent micelles by the protein-detergent complex is observed twice: the peaks I, II, and III in the cluster size ( Fig. 9 B) are separated by the typical detergent micelle size. The first micelle is incorporated into the protein-detergent complex after %65 ns (see Fig. 9 A) , binding to the L 1 loop; the second detergent micelle fuses after ;75 ns, with the (Lin et al., 1986) . I, II, and III are peaks of the protein-detergent mixed micelle.
hydrophobic b-barrel close to the periplasmic side adopting a protuberance-like conformation. Due to the shorter simulation times in simulations M2 and M3, a larger heterogeneity of cluster sizes can be observed both below 30 molecules as well as above 80 molecules. However, even for these simulations a clear trend toward formation of micelles with ;20 DHPC molecules is observed. The pure detergent micelle sizes fit excellently to the aggregation number of n ¼ 19 6 1 as determined in small-angle neutron scattering (SANS) experiments at DHPC concentrations of 27-361 mM (Lin et al., 1986) . In the M1 simulation, the prevailing micelle consisting of 18 lipids adopts the form of a prolate ellipsoid like the model proposed from the neutron-scattering experiments (Lin et al., 1986) , with radii of gyration of 11.6 6 0.5 Å along the minor axis and 10.3 6 0.3 Å along the major axis (averaged over 19 ns). Assuming a homogeneous mass distribution within the micelle, it is possible to estimate the axes of the ellipsoidal micelle from the radius of gyration (R g ¼ ð1=5Þð2a 2 1b 2 Þ) to a ¼ 16.3 Å for the short axis and b ¼ 20.2 Å for the long axis. Analyzing the radius of gyration separately for the hydrocarbon chains and the headgroup region leads to the model for DHPC micelles depicted in Fig. 10 . The model assumes ellipsoidal shape both for the fatty acyl core region as well as for the outer shell containing the phosphodiester headgroup and the glycerol backbone. The radius of gyration for the outer shell (ã,b, as long and short axes, respectively) is given by
The shape of the chain ellipsoid is less elongated than proposed from SANS (a ¼ 7.8 Å , b ¼ 24 Å for the fatty acyl chain ellipsoid, a ¼ 17.8 Å , b ¼ 30 Å for the whole micelle). However, the short axis b of the chain-ellipsoid was fixed to the length of the hydrocarbon chain in the analysis of the SANS experiments (Lin et al., 1986) . The volume of the chain-ellipsoid is 25% larger and the volume of the total micelle ;45% smaller for the simulated micelle as compared to the SANS model. Since the simulated micelle volume (17.3 nm 3 ) is close to the dry volume (18.5 nm 3 ) as obtained in diffusion experiments using NMR (Chou et al., 2004) , the discrepancy to the SANS result may reflect hydration effects in SANS. The aspect ratio for the whole DHPC micelle is comparable in simulation (p ¼ 0.62) and experiment (p ¼ 0.59).
The concentration of free detergent molecules varies between 4 and 5 mM for M1 and 16 mM for M2 and M3; the diffusion coefficient for the lipids decreases from %6 3 10 ÿ6 cm 2 /s to %2 3 10 ÿ6 cm 2 /s in simulation M1. Lipids aggregated on the barrel-domain show a diffusion coefficient of 1-2 3 10 ÿ6 cm 2 /s (M2 and M3), significantly lower than for the rest of the lipids in the simulation box (%2.5-3.5Á10
ÿ6 cm 2 /s). The decrease can be explained by the restricted motion on the (two-dimensional) protein surface.
Comparison to NMR data
Intermolecular NOEs between OmpX amide protons and the hydrophobic tails of the DHPC lipids were reported for the region of the hydrophobic b-barrel. In contrast, NOEs between OmpX amide protons and the polar head methyl groups of the DHPC molecules were observed only for the amide backbone atoms of Met 118 and Glu 119 and for the indole protons of Trp 76 and Trp 140 . These findings were interpreted as a micelle shielding the hydrophobic part of the OmpX b-barrel, showing contacts between the lipid headgroups and the protein only in the transition region to the extracellular parts of OmpX (Trp 140 ) and to the periplasmic loops (Met 118 and Glu 119 ). A contact map for the interaction of polar head methyl groups with backbone nitrogen atoms (distance 5.5 Å ) computed from simulation M1 is shown in Fig. 11 A. In good agreement with experiment, the tightest interaction between OmpX amide protons and polar head methyl groups of DHPC molecules is observed for Trp 76 and Trp 140 (upper two rows). As for the backbone nitrogen atoms, most contacts are observed in the loop and turn regions of the OmpX. However, these interactions, as well as the observed few contacts in the region of the hydrophobic b-barrel, have not been observed in NMR experiments .
The contacts between the hydrophobic fatty acyl chains of the DHPC molecules and the backbone amide protons of the hydrophobic b-barrel region (Fig. 11 B) agree nicely with the corresponding experimentally observed NOEs . On average, 23 6 3 lipids show contacts (#5.5 Å ) between their tails and backbone amide protons. The hydrophobic contacts are more frequent close to the periplasmic side as compared to the extracellular side. Additionally, a number of CH n -amide proton contacts are observed in the region of the protruding b-sheet (around loop regions L 2 and L 3 , Fig. 11 B) , due to the aggregated micelles in these regions. For these contacts, no NOEs between OmpX amide protons and the DHPC tails were observed . However, in recent NMR experiments by the same group using paramagnetic relaxation probes , nonvanishing relaxation enhancements e were observed not only for the hydrophobic b-barrel portion of the protein but also for parts of the protruding b-sheet when using 5-DSA as a paramagnetic reagent, thus indicating a proximity of DHPC molecules/micelles to the extracellular region (see above). The computed contact maps are in good agreement with these paramagenetic relaxation enhancements (marked pink bars in Fig. 11 , A and B): they show contacts between OmpX and DHPC tails also for extracellular amino acids with nonvanishing relaxation enhancements (Fig. 11 B) . Moreover, the polar contact map (Fig. 11 A) corresponds well to the measured relaxation enhancements due to a polar Gd(DOTA) probe .
The intensity of NOEs between DHPC molecules and protein amide backbone protons can be approximated by computing simple distance averages (d ÿ6 ij ) for all interproton vectors. This is shown for the different lipid methyl goups in Fig. 12 . The largest intensities (lower panels) are computed for contacts of the chain-terminal CH n group (red) to backbone nitrogen atoms of the hydrophobic b barrel. The intensities are reduced with decreasing distance of the CH n groups from the polar head of the DHPC lipid (light gray to black). As expected, minima in intensity are observed for the turns and in the loops and loop-neighbored regions. However, ; upper two rows) and both polar head methyl groups of DHPC (A) and the lipid tail CH n groups (B) for simulation M1. Distances ,5.5 Å are colored. The gray bars emphasize the loops and turns. Experimentally observed NOEs between amide backbone protons and polar head methyl groups of DHPC are marked by blue arrows (A). The lower graph shows the total number of the respective contacts below 5.5 Å as a function of simulation time. Additionally shown in A and B are pink bars with color intensities according to the measured paramagnetic relaxation enhancement e using the paramagnetic relaxation probe Gd(DOTA) (A) or 5-DSA (Hilty et al., 2004) (B) . White color corresponds to e ¼ 0, dark pink to e ¼ e max . FIGURE 12 Contact time (upper panels) between the backbone nitrogen atoms and the five different CH n groups of the DHPC fatty acyl chains (A, light gray to black, with decreasing distance from the polar headgroup, in simulation M1), and between the backbone nitrogen atoms and the polar head methyl groups (B). Only contacts with distances ,5.5 Å and with a lifetime of at least 300 ps are considered. The contact time is given as the fraction of the considered total simulation time (final 60 ns of simulation M1). The lower panels show the approximated NOE intensity by computing d ÿ6 ij averages for the respective CH n -amide backbone proton distances d ij .
The residues with experimentally observed NOEs between the DHPC choline head methyl groups and backbone amide protons (gray) or indole protons (black) have been marked by arrows.
for the L 1 and the L 3 loops, considerable intensities are seen for contacts to all CH n groups. For the L 1 loop, the observed intensity is due to the temporarily bound large micelle. The observed smaller micelle at the back side is responsible for the maxima in intensity in the b 4 -, b 5 -, and b 6 -strands close to the L 3 loop. These regions, however, remain accessible to water molecules (see above, Fig. 8 ), thereby differing from the region of the hydrophobic b-barrel.
Concerning the contacts between amide backbone protons and the choline methyl groups a maximum in intensity is computed for the L 2 loop region which was not observed in the NOESY spectra (see above). The contacts are, however, only present for ,10% of the simulation time.
CONCLUDING DISCUSSION
The aggregation simulations of DHPC molecules onto OmpX indicate that at detergent concentrations of 200-300 mM, between 37 and 52 DHPC molecules form the micellar shielding of the hydrophobic jacket of OmpX, in contrast to the proposed number of 80 based on NMR studies . This discrepancy can be explained by a previously not considered aggregation of lipids or micelles on the extracellular surface of OmpX. The following experimental data are consistent with the simulation results: 1), the total number of lipids in the protein-lipid mixed micelle; 2), the shielding of water molecules from the hydrophobic b-barrel; 3), the formation of a micellar jacket around the hydrophobic part of the b-barrel; and 4), paramagnetic relaxation enhancement data. The total number of detergent molecules in the protein-detergent mixed micelle (%100) is well within the experimentally measured range (74-118) (Fernandez et al., 2001 Hilty et al., 2002) ; however, hydration water molecules were not considered and the high protein concentration is also expected to slow down rotational molecular tumbling. The DHPC lipids aggregate in the form of a prolate ring around the hydrophobic membrane-embedded portion of OmpX (see Fig. 13 A) .
The aggregation number may also be estimated using simple geometrical considerations: If one assumes that the hydrophobic barrel region (approximately cylindrical, with diameter %25 Å and height %28 Å ) is covered by DHPC lipids, one arrives at possible aggregation numbers between 35 and 55 DHPC molecules. This range is due to the uncertainty in the DHPC headgroup surface area, with values of 65 Å 2 as determined for monolayers (Tausk et al., 1974a) or for phosphatidylcholine bilayers, and 102 Å 2 as measured for DHPC micelles (Lin et al., 1986 ), taken at the end of the 8-Å -long hydrocarbon tails. Requiring a prolate binding mode of detergent molecules around the membrane-embedded part of the protein, the interval gives an upper boundary for the aggregation number, since it is assumed that the total barrel surface is covered by detergent molecules (although ;30% of the barrel surface is hydrophilic). Eighty lipids could only be accommodated assuming a so-called micellar binding (Tanford and Reynolds, 1976; le Maire et al., 2000) , i.e., where the lipids bind in an oblate detergent ring around the membrane-embedded portion of the protein (see Fig. 13 B) .
That the packing of lipids on the protein surface is comparable to packing in pure DHPC micelles may be inferred from refolding studies (Kleinschmidt et al., 1999) of OmpA: refolding was observed only for detergent concentrations above the particular critical micelle concentration. Also, the presence of the protein did not change the cmc of the detergent (Kleinschmidt et al., 1999) . This, however, could be expected if the detergent molecule binding mode and binding affinity differed in pure lipid micelles and in protein-detergent micelles. Aggregation to a protein-detergent mixed micelle and to pure detergent micelles proceeds in parallel. The requirement for preformed detergent aggregates preceding ''fusion'', as reported previously for the aggregation of DPC molecules on OmpA , was not observed in the simulations of OmpX. This may be due to the increased detergent concentration in this study with respect to the before-mentioned study and also to the different detergent (DHPC versus DPC). The single-chain DPC has a cmc of 1.1 mM (DHPC 14-15 mM) and an aggregation number of 50-60 (Lauterwein et al., 1979; Brown et al., 1981) (DHPC, 19 6 1).
Interestingly, detergent aggregation on the protein surface was not only observed within the region of the hydrophobic b-barrel but also for the predominantly polar extracellular protruding b-sheet. Here, two binding modes could be distinguished: First, metastable micelles might aggregate or grow above the extracellular barrel opening, mainly by polar interactions to the loops. Second, a combined polar and apolar binding of DHPC lipids to lysine residues (Lys 59 , Lys 89 , and Lys 99 ) gives rise to stable micelle formation on the back side of the protruding b-sheet. The latter binding mode may be specific for this short-chain phospholipid.
Only little is known about the functions of the eightstranded b-barrel membrane proteins OmpA and OmpX. Although it has been suggested that OmpA provides a physical linkage between the outer membrane and the underlying peptidoglycan layer (Koebnik et al., 2000) , Vogt and Schulz (1999) proposed that the ''waving flag'' structure of OmpX formed by loops L 2 and L 3 and the connected b-sheets functions as a fishing rod, i.e., it binds to the surface of various external proteins, thereby defending the bacterium against intruders (Pautsch and Schulz, 2000) . The low flexibility of the extracellular loops in OmpX as compared to OmpA is thought to facilitate binding entropically (Pautsch and Schulz, 2000) . Furthermore, both b-barrel proteins were shown to bind to antigen presenting cells. Interestingly, OmpA from Klebsiella pneumoniae elicits antigen-specific cytotoxic T-cell responses (Jeannin et al., 2000) , whereas OmpX from Escherichia coli does not (Maisnier-Patin et al., 2003) . The proposed function of the protruding b-sheet as a fishing rod is supported by the simulation trajectories in that they show a partial fraying of b-strands 4 and 5 in both water and lipid-water environments and even the fishing and subsequent tight binding of a DHPC lipid. Additionally, the growing or aggregation of micelles on the extracellular loops lends support to the function of a fishing rod. However, this aggregation will presumably change the binding affinity for proteins, as compared to the case of a bilayer-embedded OmpX, and thereby hamper possible functional studies on OmpX reconstituted in DHPC.
The high kinetic stability of OmpX in a pure water simulation is consistent with the similarity between x-ray and NMR structures despite the different environments used in the experiments. The protein flexibility in pure water is found to be only marginally larger than in the presence of detergent.
The simulations further provide an atomistic description of pure detergent micelles and allow for a comparison to small-angle neutron scattering data: The number of DHPC lipids in a micelle is nicely reproduced (%19), whereas the volume of the ellipsoidal micelle (aspect ratio 0.62) is considerably smaller than in the experiment, presumably reflecting the influence of hydration on the SANS data. The agreement in the micelle size is quite noteworthy since the lipid forcefield parameters have not been adjusted to reproduce it. Thus, these results further strengthen the applicability of molecular dynamics simulations not only to the equilibrium description of the dynamics of proteins or preformed protein-lipid mixed micelles but also to aggregation processes like the one described here. Hence, comparative studies of the interaction of various lipids or detergents with membrane proteins, and, e.g., the influence of local anaesthetics on the protein-lipid interface, are becoming accessible to molecular dynamics simulations.
